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Active plasmonic switching at mid-infrared wavelengths with graphene ribbon arrays
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An active plasmonic switch based on single- and few-layer doped graphene ribbon
array operating in the mid-infrared spectrum is investigated with theoretical and
numerical calculations. It is shown that significant resonance wavelength shifts and
modulation depths can be achieved with a slight variation of the doping concentration
of the graphene ribbon. The few-layer graphene ribbon array device outperforms the
single-layer one in terms of the achievable modulation depth. Our simulations reveal
that, by modulating the Fermi-energy level between 0.2 eV and 0.25 eV, a four-
layer graphene ribbon array device can achieve a modulation depth and resonance
wavelength shift of ∼13 dB and 0.94 µm respectively, compared to ∼2.8 dB and
1.85 µm for a single-layer device. Additionally, simple fitting models to predict the
modulation depth and the resonance wavelength shift are proposed. These prospects
pave the way towards ultrafast active graphene-based plasmonic devices for infrared
and THz applications.
a)Electronic mail: chuhs@ihpc.a-star.edu.sg
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Recently, there is tremendous scientific and technological interest in the mid-infrared spec-
tral range of 2-20 µm. This range provides many potential applications for optics/photonics
such as spectroscopy, materials processing, chemical and biomolecular sensing, remote ex-
plosive detection and covert communication systems1,2. Thanks to the integration with
electronic devices and possibility to design devices with active control over the surface plas-
mon resonance3 at metal/dielectric interfaces, the mid-infrared spectral region is also at-
tractive for the study of plasmonic devices4,5. However, due to a relatively weak refractive
index change with electrical-bias, mechanical force or temperature, the active plasmonic
devices typically exhibit low optical performance such as high power consumption or slow
response time. Graphene, a single layer of carbon atoms gathered in a honeycomb lattice,
exhibits many unique physical features and has been recently investigated for nanoscale op-
toelectronic integrated circuits. Graphene-based plasmonic nanostructures support highly
confined plasmonic modes that can be tuned via chemical or eletrostatic doping, and are
promising to serve as future platforms for highly integrated active plasmonic devices ranged
from the infrared to THz frequencies6–14. Therefore, it is important to develop broadly tun-
able plasmonic devices, either as an enabling technology or to add functionality to current
plasmonic technologies. In this paper, we demonstrate with numerical simulations that an
effective active plasmonic switch operating in the mid-infrared wavelength range can be real-
ized with a doped graphene ribbon array patterened on a silicon-on-insulator substrate. We
show that an increase of the Fermi energy level EF from 0.2 eV to 0.25 eV (i.e., increasing
the carrier concentration from 2.9×1012 to 4.6×1012 cm−2) can result in a significant shift of
the surface plasmon resonance wavelength (∆λ). Moreover the modulation depth (MD) is
significantly enhanced in the case of few-layer graphene ribbon arrays (number of graphene
layers N . 6)12,16. In particular, the four-layer graphene ribbon array (N = 4) exhibits a
modulation depth of 13 dB, which is ∼10 times better than that obtained with the single-
layer graphene ribbon. Simple fitting models that accurately predict the modulation depth
and the resonance wavelength shift as a function of the number of graphene layers N are also
proposed. It is worth noting that the few-layer structure allows the resonance wavelength to
be blue-shifted to the near-infrared region, opening the possibility to implement the device
in that spectral regime.
The schematic illustration of the proposed graphene ribbon array-based plasmonic switch
is shown in Fig. 1. The period-to-width (Λ/w) of the graphene ribbons is fixed to be 2
2
in this paper. The graphene ribbon is deposited on top of a silicon-on-insulator substrate,
following Ref.8. To allow for doping through electrostatic gating, either a p-type silicon film7
(considered in this paper) or an ITO film15 can be employed as a bottom-gate, with two
metallic pads acting as drain and source. A normally incident light polarized perpendicular
to the ribbons is used to excite the surface plasmon mode8,18.
V
FIG. 1. Schematic illustration of the electro-optical graphene ribbon-based plasmonic switch in
mid-infrared wavelengths. The graphene ribbon array has the width of w and period of Λ on top
of the SiO2/p-Si substrate.
At room temperature T = 300 K and for mid-infrared wavelengths, the conductivity of
single-layer graphene may be approximated with a Drude-like expression10,12
σ ≈
ie2EF
π~2(ω + iτ−1)
, (1)
where ω is the angular frequency, and the electron relaxation time τ is taken to be 0.3 ps
based on typical values of the carrier mobility17.
We first investigate the resonance wavelength of the single-layer graphene ribbon array
as a function of the graphene ribbon width and Fermi-level. The resonance wavelength of
the graphene ribbon array λ0 can be derived from the quasi-static analysis
8,18 and expressed
as
λ0 ≈
2πc~
e
√
ηǫeffǫ0w
EF
(2)
where ǫeff is the effective permittivity of the medium surrounding the graphene ribbon array
and taken to be ǫeff = (ǫSiO2+1)/2. The dimensionless constant η = 3.1 is a fitting parameter
deduced from numerical simulations.
In Fig. 2.a, we compare the resonance wavelength of the single-layer graphene ribbon
array obtained from Finite-difference time-domain (FDTD) method and Eq. (2) for different
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ribbon width w and two values of the Fermi-level EF = 0.2 eV and EF = 0.25 eV. Similarly,
in Fig. 2.b, the resonance wavelength as a function of the Fermi-level EF , ranged from 0.2 eV
to 0.4 eV, is calculated both using FDTD numerical modeling and Eq. (2) for the case w=150
nm. Both methods yield results in reasonably good agreement. The resonance wavelength is
clearly blue-shifted for narrower ribbon widths or higher Fermi-levels8. Thus, the resonance
wavelength of the graphene ribbon array can be controlled by: (i) passive tuning (changing
the ribbon width w), and/or (ii) active tuning (in-situ variation of the Fermi-level or carrier
concentration).
As several works have been proposed to practically realize the doping of few-layer
graphene including the chemical- and electrical-induced doping level of graphene19–23, we
have also investigated the optical performance of the proposed device with N > 1. Here, it
is taken that the conductivity for N−layer graphene is Nσ12,16. In Fig. 2.b, the resonance
wavelength as a function of the Fermi-level ranged from 0.2 to 0.4 eV for single-layer (N = 1),
two-layer (N = 2) and four-layer graphene ribbon (N = 4) is shown. In shifting the Fermi-
level from 0.2 eV to 0.25 eV, the resonance wavelength shift ∆λ is approximately ∼0.94, 1.3
and 1.85 µm for N = 4, 2, and 1, respectively. The few-layer graphene structure exhibits a
similar trend as the single-layer structure in terms of the variation of the resonance wave-
length with w and EF . Additionally, it is seen that increasing the number of graphene layers
can further decrease the resonance wavelength towards the shorter wavelength spectrum re-
gion. This makes highly doped few-layer graphene ribbon structure a potential platform for
integrated silicon photonic devices and for near-IR data communications applications.
Next, let us look at the effect of the few-layer graphene ribbon structures on the optical
performance of the proposed active plasmonic switch and modulator. In Fig. 3.a the sim-
ulated transmission for three sets of graphene ribbon array (N = 1, 2, and 4) modulated
between EF=0.2 and 0.25 eV is plotted for the mid-infrared wavelengths. Comparing to
the single-layer graphene ribbon array, the few-layer graphene exhibits a sharper resonance,
leading to a larger modulation depth (MD). It is noted that MD is defined as24,25
MD =
∣∣∣∣Ton − ToffTon
∣∣∣∣ =
∣∣∣∣1− TR
∣∣∣∣, (3)
where Ton and Toff are the transmission magnitude at the “on” state (EF=0.25 eV) and “off”
state (EF=0.2 eV), respectively. From Fig. 3.a, the MD at the resonance are ∼20.3 (13
dB), ∼4.8 (6.8 dB) and ∼1.92 (2.8 dB) for N = 4, 2, and 1, respectively. From calculations
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FIG. 2. Variation of the resonance wavelength with (a) graphene ribbon width w for EF = 0.2 eV
and 0.25 eV, and (b) Fermi-level EF for N = 1, 2, and 4 with w taken to be 150 nm. Solid lines
and triangles are results from Eq. (2) and FDTD simulations, respectively. The circle and square
dotted lines represent the modeling result for N = 2 and 4.
(not shown in the figure), theMD is even better when modulating with higher Fermi-levels.
For instance, taking the “on” state as EF=0.35 eV and “off” state as EF=0.3 eV, the MD
obtained was ∼13.5, 9 and 4.4 dB for N = 4, 2, and 1, respectively. However, as indicated
by Eq. 2, the resonance wavelength shift is proportional to EF
−1/2 and will be decreased
when modulating with higher Fermi-levels.
We have numerically characterized the modulation depth and resonance wavelength shift
as a function of N . The results for modulating between EF = 0.2 eV to 0.25 eV are shown
in Fig. 3.b. It is observed that increasing the number of graphene layers from 1 to 5 layers
significantly increase the modulation depth approximately from ∼1.92 (2.8 dB) to ∼67.5
(18.3 dB). Evidently, if a higher Fermi-level or a larger carrier concentration is used, theMD
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FIG. 3. Performance of the proposed device at mid-infrared wavelengths for a shift in the Fermi-
level from 0.2 eV to 0.25 eV. (a) Transmission for single-layer (N = 1), two-layer (N = 2) and
four-layer graphene ribbon array (N = 4) as a function of wavelength. It is observed that the
increase in the Fermi-level blueshifts the resonance wavelength, and that the modulation depth
increases with the number of graphene layers (N). (b) Modulation depth and the resonance
wavelength shift as a function of N .
will be much higher. To establish a design guideline for the few-layer graphene structure, we
have employed an exponential curve fitting procedure to develop simple empirical expressions
for MD and ∆λ as a function of N (N . 6):
MDfit ≈ 3.52 + 0.12exp(1.25N) , (4a)
∆λfit ≈ 0.82 + 2.15exp(−0.73N) . (4b)
It is seen from Eq. (4a) that MD increases exponentially with the number of graphene
ribbon layers. This finding is indeed consistent with the results reported in Refs.12 and26.
Namely in the mid-infrared and THz wavelengths, complete light absorption, i.e. near-zero
transmission of light, can be achieved with either more layers of doped graphene or with
6
periodically patterned graphene structures.
In conclusion, we have demonstrated that the use of single- and few-layer graphene ribbon
array to effectively design a plasmonic switch in mid-infrared wavelengths. The proposed
few-layer graphene ribbon dramatically outperforms the single-layer one in terms of the
modulation depth. Fitting models that predict the modulation depth and the resonance
wavelength shift to act as design guidelines are proposed and discussed. The proposed few-
layer graphene ribbon structure could be useful for research in compact and largely tunable
mid-infrared photonic devices to realize on-chip CMOS optoelectronic systems.
This work is supported by the National Research Foundation Singapore under its Com-
petitive Research Programme (CRP Award No. NRF-CRP 8-2011-07).
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